ABSTRACT
Introduction
The earliest protostellar phase just after cloud collapse -the socalled Class 0 phase -is best studied at mid-infrared and longer wavelengths (André et al. 2000) . To understand the physical and chemical evolution of low-mass protostars, in particular the relative importance of radiative heating and shocks in their energy budget, observations are required that can separate these components. The advent of the Heterodyne Instrument for the FarInfrared (HIFI) on Herschel opens up the possibility to obtain spectrally resolved data from higher-frequency lines that are sensitive to gas temperatures up to several hundred Kelvin.
Because of its high abundance and strong lines, CO is the primary molecule to probe the various components of protostellar systems (envelope, outflow, disk) . The main advantage of CO compared with other molecules (including water) is that its chemistry is simple, with most carbon locked up in CO in dense clouds. Also, its evaporation temperature is low, around 20 K for pure CO ice (Collings et al. 2003; Öberg et al. 2005) , so that its freeze-out zone is much smaller than that of water. Most groundbased observations of CO and its isotopologues have been lim-ited to the lowest rotational lines originating from levels up to 35 K. ISO has detected strong far-infrared CO lines up to J u =29 from Class 0 sources (Giannini et al. 2001 ) but the emission is spatially unresolved in the large 80 ′′ beam. ISO also lacked the spectral resolution needed to separate the shocked and quiescent gas or to detect intrinsically-weaker 13 CO and C 18 O lines on top of the strong continuum.
The NGC 1333 region in Perseus (d = 235 pc; Hirota et al. 2008) contains several deeply embedded Class 0 sources within a ∼1 pc region driving powerful outflows (e.g., Liseau et al. 1988; Hatchell & Fuller 2008) . The protostars IRAS 4A and 4B, separated by ∼31 ′′ , and IRAS 2A are prominent submillimeter continuum sources (luminosities of 5.8, 3.8 and 20 L ⊙ ) with envelope masses of 4.5, 2.9 and 1.0 M ⊙ , respectively (Sandell et al. 1991; Jørgensen et al. 2009 ). All three are among the brightest and best studied low-mass sources in terms of molecular lines, with several complex molecules detected (e.g., Blake et al. 1995; Bottinelli et al. 2007 ). Here HIFI data of CO and its isotopologues are presented for these three sources and used to quantify the different physical components. In an accompanying letter, Kristensen et al. (2010) Ott et al. 2010) , where the V LSR precision is of the order of a few m s −1 . Further reduction and analysis were done using the GILDAS-CLASS 2 software. The spectra from the H-and V-polarizations were averaged in order to obtain a better S /N. In some cases a discrepancy of 30% was found between the two polarizations, in which case only the H band spectra were used for analysis since their rms is lower.
Complementary ground-based spectral line observations of 12 CO 6-5 were obtained at the 12-m Atacama Pathfinder Experiment Telescope (APEX), using the CHAMP + 2×7 pixel array receiver (Güsten et al. 2008) . The lower-J spectral lines were obtained from the James Clerk Maxwell Telescope (JCMT) archive and from Jørgensen et al. (2002) . Details will be presented elsewhere (Yıldız et al., in prep.) . The observed line profiles are presented in Fig. 1 and the corresponding line intensities in Table 2 . For the 12 CO 10-9 toward IRAS 2A, the emission from the blue line wing was chopped out due to emission at the reference position located in the blue part of the SVS 13 outflow. A Gaussian fitted to the red component of the line was used to obtain the integrated intensity. Kristensen et al. (2010) identify three components in the H 2 O line profiles centered close to the source velocities: a broad underlying emission profile (Gaussian with FWHM ∼25-30 km s −1 ), a medium-broad emission profile (FWHM ∼5-10 km s −1 ), and narrow self-absorption lines (FWHM ∼2-3 km s −1 ); see the H 2 O 2 02 -1 11 lines in Fig. 1 . The same components are also seen in the CO line profiles, albeit less prominently than for H 2 O. The broad component dominates the 12 CO 10-9 lines of IRAS 4A and 4B and is also apparent in the deep 12 CO 6-5 spectrum of IRAS 2A (Fig. 2) . The medium component is best seen in the 13 CO 10-9 profiles of IRAS 4A and 4B and as the red wing of the 12 CO 10-9 profile for IRAS 2A. A blow-up of the very high S /N spectrum of C 18 O 5-4 for IRAS 4A (insert in Fig. 1 ) also reveals a weak C 18 O mediumbroad profile. The narrow component is clearly observed in C 18 O emission and 12 CO low-J self-absorption. Kristensen et al. (2010) interpret the broad component as shocked gas along the outflow cavity walls, the medium component as smaller-scale shocks created by the outflow in the inner (<1000 AU) dense envelope, and the narrow component as the quiescent envelope, respectively. 
Analysis and discussion

Broad and medium components: shocked gas
To quantify the physical properties of the broad outflow component, line ratios are determined for the wings of the line profiles. The optical depth of the 12 CO emission is constrained by the 12 CO 10-9/ 13 CO 10-9 ratios. For IRAS 4B, the optical depth of the 12 CO line wings is found to drop with velocity, ranging from τ wing ∼12 near the center to ∼0.4 at the highest velocities where 13 CO is detected. This justifies the assumption that the broad 12 CO 10-9 lines are optically thin. Total CO column densities in the broad component for these conditions are 4 and 1 ×10
16 cm −2 for IRAS 4A and 4B, respectively. For IRAS 2A, the broad column density is calculated from the CO 6-5 spectrum as 6 ×10 15 cm −2 . Using CO/H 2 = 10 −4 gives the H 2 column densities listed in Table 3 .
The medium component attributed to small-scale shocks in the inner envelope can be probed directly by the 13 CO 10-9 data for IRAS 4A and 4B. For IRAS 2A, the Gaussian fit to the red wing of the 12 CO 10-9 is used. By assuming a similar range of temperatures and densities as for the broad component, beam averaged 12 CO column densities of 2, 6, and 2 ×10 16 cm −2 are found for IRAS 2A, 4A, and 4B respectively, if the lines are optically thin and using 12 C/ 13 C = 65. The very weak medium component found in the C 18 O 5-4 profile for IRAS 4A agrees with this value if the emission arises from a compact (few ′′ ) source. Assuming CO/H 2 =10 −4 leads to the numbers in Table 3 . The overall uncertainty in all column densities is a factor of 2 due to the range of physical conditions used to derive them and uncertainties in the adopted CO/H 2 ratio and calibration. The total amount of shocked gas is <1% of the total gas column density in the beam for each source (Jørgensen et al. 2002) .
Narrow component: bulk warm envelope
The narrow width of the C 18 O emission clearly indicates an origin in the quiescent envelope. Naïvely, one would associate emission coming from a level with E u /k B = 237 K (9-8) with the warm gas in the innermost part of the envelope. To test this hypothesis, a series of envelope models was run with varying CO abundance profiles. The models were constructed assuming a power-law density structure and then calculating the temperature structure by fitting both the far-infrared spectral energy distribu- Obtained from (a) CO 6-5, (b) CO 10-9, (c) 13 CO 10-9 spectra.
Fig. 3. Dependence of line intensities on temperature T 0 of C 18 O (left) and
13 CO (right) for an "anti-jump" model of the CO abundance in the IRAS 2A envelope. The line intensities are measured relative to a model where the CO abundance is undepleted at all radii. Each curve therefore represents the fraction of the line intensity for the given transition, which has its origin in gas at temperatures below T 0 . The dashed lines indicate the levels corresponding to 50 and 90% respectively. tion and the submillimeter spatial extent (Jørgensen et al. 2002) . Figure 3 compares the fractional line intensities for the C 18 O and 13 CO transitions in a spherical envelope model for IRAS 2A as a function of temperature. In these models, the abundance in the outer envelope was kept high, X 0 =2.7 × 10 −4 with respect to H 2 (all available gas-phase carbon in CO), decreasing by a factor of 1000 at temperatures higher than a specific temperature, T 0 (a so-called 'anti-jump' model (see Schöier et al. 2004 , for nomenclature). These models thereby give an estimate of the fraction of the line emission for a given transition (in the respective telescope beams) which has its origin at temperatures lower than T 0 .
For C 18 O, 90% of the emission in the transitions up to and including the 5-4 HIFI transition has its origin at temperatures lower than 25-30 K, meaning that these transitions are predominantly sensitive to the outer parts of the protostellar envelope. The 9-8 transition is more sensitive to the warm parts of the envelope, but still 50% of the line flux appears to come from the outer envelope with temperatures less than 50 K. The 13 CO transitions become rapidly optically thick in the outer envelopes: even for the 9-8 transition, 90% of the line flux can be associated with the envelope material with temperatures lower than 40 K.
The C 18 O 9-8 line is clearly a much more sensitive probe of a CO ice evaporation zone than any other observed CO line. Jørgensen et al. (2005c) showed that the low-J C 18 O lines require a drop in the abundance at densities higher than 7 × 10 4 cm −3 due to freeze-out. However, they did not have strong proof for CO evaporation in the inner part from that dataset. Using the temperature and density structure for IRAS 2A as described above, we computed the C 18 O line intensities in the respective telescope beams following the method by Jørgensen et al. (2005c) . In this 'anti-jump' model, the outer C 18 O abundance is kept fixed at X 0 = 5.0 × 10 −7 , whereas the inner abundance X D and the freeze-out density n de are free parameters. A χ 2 fit to only the C 18 O 1-0, 2-1 and 3-2 lines gives best-fit values of X D = 3 × 10 −8 and n de = 7 × 10 4 cm −3 , consistent with those of Jørgensen et al. (2005c) . However, this model underproduces the higher-J lines by a factor of 3-4 (Fig. B.2 in Appendix B).
To solve this underproduction, the inner abundance has to be increased in a so-called 'drop-abundance' profile. The fit parameters are now the inner abundance X in and the evaporation temperature T ev , keeping X D and n de fixed at the above values. Figure B .5 in Appendix B shows the χ 2 plots to the C 18 O 6-5 and 9-8 lines. The evaporation temperature is not well constrained, but low temperatures of T ev ≈ 25 K are favored because they produce more C 18 O 5-4 emission. The best-fit X in = 1.5 × 10 −7 indicates a jump of a factor of 5 compared with X D . Alternatively, T ev can be kept fixed at 25 K and both X in and X D can be varied by fitting all five lines simultaneously. In this case, the same best-fit value for X in is found but only an upper limit on X D of ∼ 4 × 10 −8 . Thus, for this physical model, X in > X D , implying that a jump in the abundance is needed for IRAS 2A.
Conclusions
Spectrally resolved Herschel-HIFI observations of high-J CO lines up to 12 CO 10-9 and C 18 O 9-8 have been performed toward three low-mass young stellar objects for the first time. These data provide strong constraints on the density and temperature in the various physical components, such as the quiescent envelope, extended outflowing gas, and small-scale shocks in the inner envelope. The derived column densities and temperatures are important for comparison with water and other molecules such as O 2 , for which HIFI observations are planned. Furthermore, it is shown conclusively that in order to reproduce higher-J C 18 O lines within the context of the adopted physical model, a jump in the CO abundance due to evaporation is required in the inner envelope, something that was inferred, but not measured, from ground-based observations. Combination with even higher-J CO lines to be obtained with Herschel-PACS in the frame of the WISH key program will allow further quantification of the different physical processes invoked to explain the origin of the high-J emission. Oberg, K. I., van Broekhuizen, F., Fraser, H. J., et al. 2005 , ApJ, 621, L33 Ott et al. 2010 , ASP Conf Series, in press Pilbratt, G. L., Riedinger, J. R., Passvogel, T., et al. 2010 , A&A, 518, L1 Sandell, G., Aspin, C., Duncan, W. D., Russell, A. P. G., & Robson, E. I. 1991 , ApJ, 376, L17 Schöier, F. L., Jørgensen, J. K., van Dishoeck, E. F., & Blake, G. A. 2004 , A&A, 418, 185 Tafalla, M., Myers, P. C., Caselli, P., & Walmsley, C. M. 2004 , A&A, 416, 191 van der Tak, F. F. S., Black, J. H., Schöier, F. L., Jansen, D. J., & van Dishoeck, E. F. 2007 , A&A, 468, 627 van Kempen, T. A., van Dishoeck, E. F., Güsten, R., et al. 2009 , A&A, 507, 1425 Volgenau, N. H., Mundy, L. G., Looney, L. W., & Welch, W. J. 2006 , ApJ, 651, 301 Yang, B., Stancil, P. C., Balakrishnan, N., & Forrey, R. C. 2010 , ApJ, 718, 1062 Table B .1 for parameters. of 1.7 × 10 −5 ). In the χ 2 fits, the calibration uncertainty of each line (ranging from 20 to 30%) is taken into account. These modeled spectra are overplotted on the observed spectra in Fig. B .2 as the blue lines, and show that the anti-jump profile fits well the lower-J lines but very much underproduces the higher-J lines.
The value of X 0 was verified a posteriori by keeping n de at two different values of 3.4×10 4 and 7×10 4 cm −3 . This is illustrated in Fig. B.3 where the χ 2 contours show that for both values of n de , the best-fit value of X 0 is ∼5×10 −7 , the value also found in Jørgensen et al. (2005c) . The χ 2 contours have been calculated from the lower-J lines only, as these are paramount in constraining the value of X 0 . Different χ 2 plots were made, where it was clear that higher-J lines only constrain X D , as expected. The effect of n de is illustrated in Fig. B.4 for the two values given above.
B.3. Drop-abundance profile
In order to fit the higher-J lines, it is necessary to employ a dropabundance structure in which the inner abundance X in increases above the ice evaporation temperature T ev (Jørgensen et al. 2005c) . The abundances X D and X 0 for T < T ev are kept the same as in the anti-jump model, but X in is not necessarily the same as X 0 . In order to find the best-fit parameters for the higher-J lines, the inner abundance X in and the evaporation temperature T ev were varied. The χ 2 plots (Fig. B.5 , left panel) show best-fit values for an inner abundance of X in = 1.5×10 −7 and an evapo- Contours are plotted at the 2σ, 3σ, and 4σ confidence levels (left) and 3σ and 4σ confidence levels (right). 18 O 1-0, 2-1, 3-2, 6-5 and 9-8 (right) and for the drop abundance model fit to the higher-J lines of C 18 O 6-5 and 9-8 (left). Contours are plotted at the 1σ, 2σ, 3σ, and 4σ confidence levels. ration temperature of 25 K (consistent with the laboratory values), although the latter value is not strongly constrained. These parameters fit well the higher-J C 18 O 6-5 and 9-8 lines ( Because the results do not depend strongly on T ev , an alternative approach is to keep the evaporation temperature fixed at 25 K and vary both X in and X D by fitting both low-and high-J lines simultaneously. In this case, only an upper limit on X D of ∼ 4 × 10 −8 is found (Fig. B .5, right panel), whereas the inferred value of X in is the same. This figure conclusively illustrates that X in > X D , i.e., that a jump in the abundance due to evaporation is needed.
The above conclusion is robust within the context of the adopted physical model. Alternatively, one could investigate different physical models such as those used by Chiang et al. (2008) , which have a density enhancement in the inner envelope due to a magnetic shock wall. This density increase could partly mitigate the need for the abundance enhancement although it is unlikely that the density jump is large enough to fully compensate. Such models are outside the scope of this paper. An observational test of our model would be to image the N 2 H + 1-0 line at high angular resolution: its emission should drop in the inner ∼900 AU (∼4 ′′ ) where N 2 H + would be destroyed by the enhanced gas-phase CO.
